Plain Language Summary {#S0001}
======================

Hepatitis C virus genotype 4a (HCV-4a) is a major public health problem, especially among the Egyptian population. There are more than 70 million individuals infected worldwide. It is the leading cause of chronic liver diseases, cirrhosis, and hepatocellular carcinoma. Newly emerged anti-HCV viral agents have recently become available on the market but with serious complications, high cost, and possible development of resistance. This has encouraged scientists to search for alternative, safer antiviral approaches. Nanoparticles offer unique physical properties that have associated benefits for antimicrobial activity or as drug carrier that can improve antiviral therapy. The significance of our research is in establishment of a natural nanoparticle drug carrier system that we screened with computer simulation studies and in cells against HCV-4a replication into human hepatoblastoma cell line. This may serve as a model for the screening of newly developed antiviral agents targeting HCV-4a to help in controlling this chronic disease.

Introduction {#S0002}
============

Hepatitis C virus (HCV) currently infects over 71 million individuals around the world. Its persistence causes infected individuals to enter a chronic phase that then leads to several different outcomes of liver disease.[@CIT0001]

HCV therapies are becoming highly efficient and well tolerated due to improved understanding of HCV biology and to the discovery of antiviral targeting of essential viral functions.[@CIT0001],[@CIT0002] The NS5B polymerase, NS5A and NS3 proteases are considered crucial targets for the development of direct-acting antiviral drugs.[@CIT0003]

The current treatment of HCV genotype 4a (HCV-4a) includes sofosbuvir, ledipasvir, and ombitasvir. The response rate has reached more than 90%.[@CIT0004] Despite the promise of such therapy, the suboptimal efficacy and adverse effects like anemia, rash, bilirubin, nausea, pruritus, and photosensitivity[@CIT0005] as well as the increasing number of patients with advanced liver disease and no therapeutic options emphasize a major need for improved therapeutic regimens. In addition, the high mutation rate of viral RNA and development of mutant resistant strains has slowed development of innovative anti-HCV drugs. Therefore, natural compounds extracted from plants have attracted the attention of researchers for their therapeutic activities.[@CIT0006] A substantial variety of natural compounds has demonstrated antiviral activity, including against HCV,[@CIT0007] or hepatoprotective effect from natural compounds like naringenin, epigallocatechin-3-gallate (EGCG), silymarin, and caffeine.[@CIT0008],[@CIT0009]

Turmeric curcumin, known as *curcuma longa*, is a natural plant with a significant therapeutic role that harbors no side effects.[@CIT0010] Curcumin's activity as an antiviral emerged recently, and it exhibits a significantly high inhibition against several viruses, like hepatitis B virus,[@CIT0011] HIV, influenza viruses, and human herpes viruses.[@CIT0012] Several reports demonstrated curcumin's activity against HCV; it can obstruct viral attachment and fusion to hepatocytes and prevent cell to cell transmission due to loss of the membrane's integrity.[@CIT0010],[@CIT0013]

However, curcumin's positive effect is hampered by its lower solubility, bioavailability, and low cellular uptake, but the progress in nanotechnology has enabled formulation of nanoparticles, and polymeric nanoparticles can be used to encapsulate curcumin. This could resolve curcumin's limitations by enhancing its sustained release to target diseased cells, improve its bioavailability, prevent it from degradation or metabolism, and increase its therapeutic potential.[@CIT0014] Polymeric nanoparticles are biocompatible and biodegradable and have been developed as drug delivery vectors and have desirable properties like better encapsulation of compounds to protect and deliver them efficiently with high pharmacokinetics and endocytosis efficiency.[@CIT0015]

Chitosan is derived from chitin, which is a natural biopolymer and is the second most abundant natural polysaccharide.[@CIT0016] It is found primarily in marine animals' exoskeleton, ie, lobsters, shrimps and crabs. Chitosan is immunogenic, and its antitumor, anti-inflammatory, antibacterial, antifungal, and antimicrobial activities have been observed.[@CIT0017],[@CIT0018] It has been reported that preparation of chitosan as nanoparticles revealed no toxicity at lower concentration (30 µg/mL) but showed anticancer activity at higher concentrations (\>100 µg/mL) against different cancer cell lines, which supports its application as a drug delivery system.[@CIT0017],[@CIT0019]

Previously, chitosan nanoparticles (CsNPs) have been conjugated with antiretroviral agents like saquinavir, a protease inhibitor, to improve anti-HIV therapy; cell targeting efficiency increased by 92% compared to the soluble drug control.[@CIT0020] Accordingly, to increase the antiviral activity of curcumin, in the present study we conjugated chitosan and curcumin as a nanocomposite and evaluated it for antiviral activity against entry and replication of HCV-4 in hepatoblastoma cells and performed in silico studies.

Materials and Methods {#S0003}
=====================

Materials {#S0003-S2001}
---------

Curcumin and Bradford protein assay kits were purchased from Bio Basic Inc. (Markham, ON, Canada). Phosphate-buffered saline (PBS) tablets were purchased from Fisher Scientific (Loughborough, UK). Chitosan (low molecular weight), tripolyphosphate (TPP), ethanol, methanol, ethyl acetate, glutaraldehyde, and isopropanol were purchased from Sigma‐Aldrich (St Louis, MO, USA). MTT \[3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide\] reagent was purchased from Serva (Heidelberg, Germany). Dulbecco's modified Eagle's medium (DMEM), penicillin, streptomycin, and fetal bovine serum (FBS) were purchased from Gibco (Merelbeke, Belgium). Paclitaxel was purchased from Actavis Pharma, Inc. (Parsippany, NJ, USA). The Huh7 cells were supplied by Rockefeller University (New York, NY, USA). The WISH cell line was obtained from Vaccination and Sera Collection Organization (VACSERA, Agouza, Giza, Egypt).

In silico Studies {#S0003-S2002}
-----------------

In silico docking was performed using Molegro Virtual Docker (MVD) 2013.6.0.0 (CLC bio-Qiagen Company, Aarhus, Denmark).[@CIT0021] The 3D structure of CuCs nanocomposite was predicted using Schrödinger's Materials Science Suite 2.6 ([Figure 1](#F0001){ref-type="fig"}). Curcumin ligand was retrieved from PubChem Bioassay. Homology models of NS3 protease and NS5A polymerase were built using the prime program of the Schrödinger software suite. Blast search was performed to identify a template protein structure.[@CIT0022] Loops refinement and verification was performed using the protein refinement program of Schrödinger software.[@CIT0023]--[@CIT0025] The binding sites of NS3 protease, NS5A polymerase, and NS5B polymerase were detected using MVD cavities prediction. All docking calculations were carried out using the grid-based MolDock score (GRID) function with 0.30 Å grid resolution.Figure 1In silico docking study of interactions using Molegro Virtual Docker software, showing 2- and 3-dimensional representations for: Ligand interaction of curcumin (**A)** and chitosan curcumin nanoparticles **(B)** with NS3 protease; binding interaction of curcumin **(C)** and chitosan curcumin nanoparticles **(D)** with NS5A polymerase; ligand interaction of curcumin **(E)** and chitosan curcumin nanoparticles **(F)** with NS5B polymerase.

Preparation of CsNPs and CuCs Nanocomposite {#S0003-S2003}
-------------------------------------------

The CsNPs were prepared using an ionotropic gelation method of chitosan with TPP anions where positive charges of the amino groups of chitosan were slightly modified to be crosslinked with the TPP negative charges as we presented previously.[@CIT0019] CuCs nanocomposite was prepared by dissolving 320 mg of curcumin in 80 mL ethanol and incubated with 500 mg CsNPs suspended in 40 mL of Millipore water at acidic pH from 4.0 to 5.0 with some modifications.[@CIT0017],[@CIT0026] Finally, the curcumin was bound to CsNPs and dried using vacuum.

Characterization of CsNPs and CuCs Nanocomposite {#S0003-S2004}
------------------------------------------------

### Transmission Electron Microscopy (TEM) {#S0003-S2004-S3001}

High-resolution TEM was used to determine the size, shape, and size distribution of the CsNPs and CuCs nanocomposite by using a drop from diluted nanoparticles solution in order to form a monolayer through deposition on an amorphous carbon-coated copper grid and left to evaporate at room temperature. The particle and size distribution measurements were identified with a JEM-2100 transmission electron microscope (JEOL, Tokyo, Japan) that accelerates voltage at 200 kV, and the imaging was performed using the same microscope.

### Zeta Potential Measurement {#S0003-S2004-S3002}

Zeta potential was performed to measure the electrical charges of the particles in nano colloids using a Nano ZS apparatus (Malvern Instruments, Malvern, UK), through electrophoretic light scattering of the nanoparticles in an aqueous solution and using Smoluchowski equation to calculate the zeta potentials at 25ºC.[@CIT0027] The measurement was completed during 6 minutes and the migration voltage was fixed at 25 V.

### Fourier Transform Infrared Spectroscopy (FTIR) {#S0003-S2004-S3003}

The FTIR was carried out for CsNPs, curcumin, and CuCs nanocomposite to show at which bonds the curcumin and chitosan were formed. FTIR was used with the following specifications: spectral range 400--4500 cm^−1^, number of scans 16, spectral resolution 4 cm^−1^. The software was Opus (Bruker (Germany), VERTEX 70, RAMII).

### High-Performance Liquid Chromatography (HPLC) {#S0003-S2004-S3004}

Nanoparticles from the nanocomposite were weighed and acidified at pH 3.0; curcumin was extracted from the compound using a mixture of ethyl acetate and isopropanol (9:1 v/v) by shaking for 6 minutes. The mixture was centrifuged at 3864 *×* g for 20 minutes, and the upper layer of ethyl acetate was discarded and the extraction step was repeated. The final extraction solution was evaporated with vacuum to be completely dry, and its residue was dissolved using 100 μL ethanol. An aliquot of the dissolved solution was used for curcumin quantification via HPLC by calculating the peak area of absorbance of the samples at wavelength 428 nm and comparing it to the standard peak area of curcumin. Finally, the mobile phase was prepared by mixing 1% citric acid pH 3.0/acetonitrile (45:55, v/v), and the flow rate was 1 mL/min.

### In vitro Drug Release {#S0003-S2004-S3005}

The release of curcumin from its encapsulation in CsNPs was performed at pH 7.4, and the nanoparticles were re-dispersed in PBS. The total volume of the solution was divided into 5 tubes at 37°C under orbital shaking. Subsequently, curcumin in nanoparticles was centrifuged at 966 × g for 10 minutes, where the sediment was extracted in methanol and quantified using spectrophotometry. Finally, the release of curcumin from CsNPs was quantified according to the following equation: $$\documentclass[12pt]{minimal}
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Cell Culture {#S0003-S2005}
------------

Huh7 cells, derived from human hepatoma cells, were received as a gift from the Lab of Radiobiology and Experimental Radiooncology, UKE, Hamburg, Germany and were used and maintained at Virology and Immunology unit, Cancer Biology Dept., National Cancer Institute, Cairo University. The WISH cell line, human amniotic cells, was used as a model for normal cells. The cells were maintained as a monolayer in a 25 cm^2^ flask with approximately 6 mL DMEM supplemented with 10% FBS, 2% penicillin, and 2 mg/mL streptomycin. The cells were incubated under standard conditions of 37ºC, 5% CO~2~, and 95% humidity.

### Cytotoxicity and MTT Colorimetric Assay {#S0003-S2005-S3001}

Cellular toxicity of the tested materials (curcumin, CsNPs and CuCs nanocomposite) was investigated against Huh7 cells using 2-fold dilutions starting from 100 to 6.25 µg/mL, according to our previously published protocol.[@CIT0019] The MTT formazan product was identified via measuring the absorbance using an enzyme linked immunosorbent assay (ELISA) plate reader (Model ELX800, BioTek Instruments, Inc., Winooski, VT, USA), and positive and negative controls were run in the plate. The viability of cells (%) in relation to the control wells with untreated cells was calculated using the following equation: $$\documentclass[12pt]{minimal}
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where A test is the absorbance of the test sample and A control is the absorbance of the control sample. The results were the average of three wells, and 100% viability was determined from the negative control (untreated cells).

### Morphological Investigation {#S0003-S2005-S3002}

The cytotoxic effect of the IC50 concentration of CuCs nanocomposite was followed microscopically with phase contrast microscopy (100x magnifications) after treatment of Huh7 and Wish cells after 24 hours.

### Combination Index and Fraction Effect {#S0003-S2005-S3003}

Compusyn software (version 1.0, ComboSyn, Inc., Paramus, NJ, USA) was used to predict and simulate the combination index (CI) and fraction effect (fa) of the CuCs nanocomposite to estimate its activity and the amount of drug released into cells.[@CIT0028] Simulated CuCs nanocomposite was used to investigate its cellular response using a response additivity model (Linear Interaction Effect). Such a model can demonstrate the positive effect of a drug combination (chitosan and curcumin) that might occur when the combination effect (E~AB~) is greater than the expected additive effect given by the sum of the individual effects (E~A~+E~B~). Therefore, we investigated such possible favorable outcomes for better efficacy of therapeutic application and the minimal development of drug toxicity to provide a selective synergistic effect against the target. Accordingly, this can be achieved by using a minimal set of mathematical and pharmacological concepts, according to an equation where the CI was calculated as follows:$$\documentclass[12pt]{minimal}
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where E~A~ refers to curcumin, E~B~ refers to CsNPs and E~AB~ refers to the nanocomposite. The resulting CI theorem offers a quantitative definition for additive effect (CI = 1), synergism (CI \< 1), and antagonism (CI \> 1) in drug combinations. Such analysis was also performed to confirm the toxic effect of curcumin when combined with CsNPs, which also may indicate its possible role in the antiviral mechanism.

Cellular Uptake of Curcumin Chitosan Nanocomposite {#S0003-S2006}
--------------------------------------------------

The in vitro cellular uptake of the particles was carried out using TEM, and the cells were first counted using a hemocytometer. Then, the cells (3 × 10^6^/75 cm^2^ flask) were treated with 100 µM of CuCs nanocomposite for 24 hours. The cells were then washed with PBS buffer, fixed with 2% glutaraldehyde for 2 hours, then washed twice with PBS and finally fixed in 1% OsO~4~ for 1 hour. Following agarose (1.5%) enrobing, Spurr's resin embedding, and ultrathin (50 nm) sectioning, the samples were stained with 2% aqueous uranyl acetate and 25 mg/mL lead citrate and imaged with a JEOL 100S microscope,[@CIT0029] but cell control was tested using a field emission scanning electron microscope equipped with a scanning transmission electron (STEM) detector (Quattro S, Thermo Fisher Scientific).

Flow Cytometry Analysis of Curcumin Chitosan Nanocomposite {#S0003-S2007}
----------------------------------------------------------

Flow cytometry was performed to identify the nature of cell death that was induced after treatment of Huh7 with IC50 concentration of CuCs nanocomposite. This was done by trypsinization of cells and centrifugation at 314 *×* g for 5 minutes. Then, 100 µL of cell suspension was added to 100 µL of DNA PREP LPR (\<0.1% potassium cyanide, \<0.1% NaN~3~, nonionic detergents, saline, and stabilizers) to obtain final cell concentration of 3--5 x10^6^ cells/mL. Afterward, 2 mL of DNA PREP stain was added to the cell suspension solution and incubated at room temperature for 30 minutes. Finally, acquisition was done on a flow cytometer (Beckman Coulter, EpicsXL, Brea, CA, USA) of 10,000 events to calculate the percentages of cells occupying the different phases of the cell cycle.[@CIT0030]

Quantification of mRNA Expression of Apoptotic Genes; Caspase 3 and Bcl-2 {#S0003-S2008}
-------------------------------------------------------------------------

Two 25 cm^2^ flasks were seeded with 3 × 10^5^ Huh7cells and were left for 24 hours under optimum culture conditions to have a confluent sheet of cells, and then cells were treated with the estimated IC50 concentration of curcumin and CuCs nanocomposite. Afterwards, cells were harvested and total RNA extraction was performed using nucleic acid extraction kit NucleoSpin^®^ (Macherey-Nagel GmbH, Duren, Germany) according to the manufacturer's instructions. The RNA extract was used in real-time PCR assay using SensiFAST™ SYBR^®^ Hi-ROX One-Step Kit (Bioline, London, UK) with a total reaction volume of 25 µL and primers specific for caspase 3, Bcl-2 and the housekeeping gene β-actin. The reaction consisted of three stages: stage 1 at 45°C for 10 minutes, stage 2 at 95°C for 2 minutes, stage 3 repeated for 35 cycles that consisted of 95°C for 5 seconds, then 60°C for 10 seconds, and 72°C for 5 seconds. Finally, calculation of the relative quantification of the cycle threshold (Ct) was conducted according to the reaction of each target gene. The relative quantification (RQ) of each gene was quantified according to the calculation of ΔΔCt as the RQ of each gene is calculated by taking its 2^−∆∆Ct^ according to the following equation:

ΔΔCt = \[(Ct target, Sample)-(Ct ref, Sample)\]-\[(Ct target, Control)-(Ct ref, Control)\]

where (Ct target, Sample) = Ct value of gene of interest in tested sample; (Ct ref, Sample) = Ct value of reference gene in tested sample; (Ct target, Control) = Ct value of gene of interest in control DNA; (Ct ref, Control) = Ct value of reference gene in control DNA.[@CIT0031]

Protein Expression of Caspase 3 and Bcl-2 {#S0003-S2009}
-----------------------------------------

Six well tissue culture plates were seeded with 3 × 10^4^ of Huh7 cells and left for 24 hours under optimum culture conditions to have a confluent sheet of cells, and then they were treated with the estimated IC50 concentration of the CuCs nanocomposite and paclitaxel as a standard chemotherapeutic agent to allow its comparison with nanocomposite. Afterwards, the cells were harvested and their total proteins were extracted to measure the levels of apoptotic proteins caspase 3, caspase 8, and p53, as well as levels of the anti-apoptotic marker Bcl-2. Then, the isolated proteins' levels were measured using human Bcl-2 platinum ELISA assay kit according to the manufacturers' instructions (eBioscience, Madison, WI, USA). The standard curve for each protein was drawn according to each kit and the reaction products were measured at 450 nm using a microplate reader (Tecan Group Ltd., Seestrasse, Männedorf, Switzerland).

Antiviral Assay {#S0003-S2010}
---------------

Six well tissue culture plates were seeded with 500,000 cells/well; Huh7cells were treated with nontoxic doses of curcumin, CsNPs, and CuCs nanocomposite at concentrations of 15 μg/mL, 100 μg/mL, and 20 μg/mL, respectively. This was performed according to a previously published protocol.[@CIT0032] A 500 µL aliquot of the positive serum for HCV-4a was inoculated and kept for 90 minutes for adsorption. DMEM (10%) was added to a final volume of 3 mL and the incubation was continued for 24 hours. Infected cells were treated with either curcumin, chitosan, or CuCs nanocomposite. Untreated infected cells and cell control were treated with media only. The plates were incubated for 24 hours, and viral RNA was extracted prior to real-time PCR assay according to the previously published protocol.[@CIT0032]

Quantification of HCV Core Protein Using Western Blot {#S0003-S2011}
-----------------------------------------------------

The six well plates were again used as previously described in the antiviral assay, then the infected and treated Huh7 cells were subjected to cell harvesting with a cell scraper, and the protein content of the cells was extracted using lysis buffer, then the protein content was measured with a Bradford protein assay kit. Subsequently, 20 µg of protein concentration of each sample was loaded into 10% SDS-PAGE with an equal volume of 2x Laemmli sample buffer (4% SDS, 10% β-mercaptoethanol, 2% glycerol, 0.004% bromophenol blue, and 0.125 M tris HCL). Afterward, the gel was transferred to a polyvinylidene fluoride (PVDF) membrane and then blocked with tris-buffered saline with Tween 20 buffer and 3% bovine serum albumin (BSA) for 1 hour. The membrane was incubated overnight at 4°C with 1:1000 dilution of the primary antibody (anti-HCV core 1b antibody, ab2740, Thermo Scientific, Boston, MA, USA) and then incubated for 1 hour at room temperature with horseradish peroxidase HRP-conjugated secondary antibody goat anti-rabbit IgG. Finally, the membrane was washed and bands were visualized with the aid of chemiluminescent substrate, and signals were detected using a CCD camera-based imager. Ultimately, band images of the target proteins were analyzed using ChemiDoc MP Imager in relation to β-actin as a positive control.[@CIT0033]

Results {#S0004}
=======

The workflow of methods performed in the current research is presented graphically in [Scheme 1](#UF0001). Scheme 1An illustration of the workflow of methods performed in the current research.**Abbreviation:** CuCs, curcumin chitosan.

In silico Studies {#S0004-S2001}
-----------------

The in silico study showed that the binding affinity of curcumin to NS3 protease and NS5A polymerase was higher than that of CuCs nanocomposite chitosan. However, CuCs nanocomposite showed good binding affinity toward NS5B polymerase as compared to curcumin. Curcumin showed a higher docking score toward NS3 protease and NS5A polymerase with −124.91 and −159.02 MolDock score, respectively ([Table 1](#T0001){ref-type="table"}).Table 1Comparative Docking Simulation Results of Curcumin and Curcumin Chitosan (CuCs) Nanocomposite with NS3 Protease, NS5A Polymerase, and NS5B Polymerase Including Interacting Residues and Number of H-BondsProteinLigandMolDock ScoreRerank ScoreH-BondInteracting Residues and H-Bond FormationNo. of H-BondsN3SCuCs nanocomposite−68.5164.60−4.37Two with Arg 180(B) and four with Asn 72(B)6Curcumin−124.91−91.06−0.74One with Gly521 (B), and Leu 522(B)2NS5ACuCs nanocomposite−54.52296.735.51One with Ala 162(A), Ala 162(B), Arg 157(A), Arg 157(B), Arg 160(B), His 161(A), and Pro 163(B)7Curcumin−159.02−129.41−4.30One with Arg 160 (B), Leu 149(A) and Gly96(B) and two H-bonds with Trp111(A)5NS5BCuCs nanocomposite−157.6327.36−9.31One with Arg 89, Arg 394, Cys 39, Gul 18, Pro 16, Ser 269, and Tyr 162 and two H-bonds with Arg 4019Curcumin−129.16−103.95−1.71One with Arg 112(A), His 195(A), His 161(A), Thr 151(A), and Trp 111(A)5

Binding of curcumin with HCV-4a target proteins (NS3, NS5A and NS5B) showed that it could form H-bonds at the cavity of NS3 protease ([Figure 1A](#F0001){ref-type="fig"} and [B](#F0001){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}) and NS5A polymerase ([Figure 1C](#F0001){ref-type="fig"} and [D](#F0001){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}), where it forms 2 H-bonds and 5 H-bonds with NS3 protease and NS5A polymerase inside the protein cavity, respectively. However, CuCs nanocomposite formed 9 H-bonds with NS5B polymerase ([Figure 1E](#F0001){ref-type="fig"} and [F](#F0001){ref-type="fig"} and [Table 1](#T0001){ref-type="table"}). Curcumin formed one H-bond with Gly521 (B) and Leu 522 (B) of NS3 protease active site, despite the binding affinity of interaction toward NS5A being much higher than NS3 because it forms 5 H-bonds, one with Arg 160 (B), Leu 149 (A) and Gly96 (B) and two H-bonds with Trp111 (A). Interaction of CuCs nanocomposite in the case of NS5B polymerase is more effective because it forms 9 H-bonds, one with Arg 89, Arg 394, Cys 39, Gul 18, Pro 16, Ser 269 and Tyr 162 and two H-bonds with Arg 401.

Characterization of CuCs Nanocomposite {#S0004-S2002}
--------------------------------------

CuCs nanocomposite was subjected to several characterization procedures to study encapsulation efficiency. The TEM results showed that the size ranged from 29 to 39.5 nm ([Figure 2A](#F0002){ref-type="fig"}) with charges of 33 mV as measured with the zeta analyzer ([Figure 2B](#F0002){ref-type="fig"}). The FTIR spectra of chitosan, curcumin, and CuCs nanocomposite are shown in [Figure 2C](#F0002){ref-type="fig"}. Characteristic bands at 1511 cm^−1^ and 1062 cm^−1^ were attributed to the stretching vibrations of the C=C vibrations, and C-O-C stretching modes, respectively, in curcumin. For CsNPs, the characteristic band at 3450 cm^−1^ was assigned to stretching vibration mode of N-H overlapped with O-H stretching vibration mode, the band at 2880 cm^−1^ was due to C-H stretching vibration mode, the band at 1653 cm^−1^ was assigned to the C=O, and the band at 1428 cm^−1^ was assigned to bending vibration of N-H stretching vibration. In comparison with curcumin, a different spectrum was observed for CuCs nanocomposite as new bands appeared at 1070 cm^−1^ and the N-H group of CsNPs disappeared ([Table 2](#T0002){ref-type="table"}). It can be assumed that the ammonium groups of chitosan were linked with OH groups of curcumin to form the nanocomposite. Results from HPLC indicate that 42 mg curcumin was encapsulated in the CsNPs, giving 4% of curcumin encapsulated inside CsNPs ([Figure 2D](#F0002){ref-type="fig"} and [E](#F0002){ref-type="fig"}).Table 2Position of Bands in FTIR Spectra of Curcumin, Chitosan, and Curcumin Chitosan (CuCs) NanocompositeCurcumin (cm^−1^)Chitosan (cm^−1^)CuCs Nanocomposite (cm^−1^)Assignment343434193500NH and OH stretching vibration\
OH stretching289028922888Ar =CH stretching165316571653C=C stretching1511--1503C=O strong band14201428--C-O-H band10621070C-O-C stretching810----C-H stretching Figure 2(**A**). Size of curcumin chitosan nanocomposite ranged from 29.6 to 39.5 nm as detected with TEM, (**B**). Zeta potential of curcumin chitosan nanocomposite (CuCsNPs) equal to +33 mV, (**C**). Infrared spectrum of: Curcumin, Chitosan nanoparticles, Curcumin-loaded chitosan-TPP nanoparticles, (**D**). HPLC of curcumin as a standard, (**E**). HPLC of curcumin chitosan nanocomposite, (**F**). Curcumin release percentage profile from chitosan nanoparticles.

The in vitro drug release experiment showed that initially, a gradual increase with the exponential release rate of curcumin was observed for the first 2 hours with an increment rate of 30 ([Figure 2F](#F0002){ref-type="fig"}). This large increase is due to the curcumin molecules that deposited on the surface of Cs nanocapsules. Afterward, there was a relatively constant release of curcumin for the next 4 hours and there was a linear plateau in release that was observed with a rate of −1.89 × 10^−1^. [[Supplementary Figure S1](https://www.dovepress.com/get_supplementary_file.php?f=241702.docx)]{.ul} shows the behavior profile of curcumin-encapsulated into CsNPs and the equation used for the calculation. From the release profile of curcumin, it is clear that about 45% of curcumin was released from the nanoparticles at time 0, and that afterward the amount of curcumin released from the nanoparticles was about 84% after the first 2 hours. Finally, there was no further release obtained for the other 4 hours.

Cell Culture {#S0004-S2003}
------------

The cytotoxic effect of various concentrations of curcumin, chitosan, and CuCs nanocomposite showed that the IC50s of curcumin and CuCs nanocomposite were detected at concentrations of 8 and 25 µg/mL, respectively, on Huh7 after 48 hours of cell exposure, and CsNPs were nontoxic at more than 100 µg/mL on Huh7 or WISH ([Figure 3](#F0003){ref-type="fig"}). Regarding cytotoxic effects of the same materials on WISH, our results revealed that the IC50s of curcumin and CuCs nanocomposite were detected at concentrations of 25.8 and 34 µg/mL, respectively, after the same time of cell exposure.Figure 3(**A**). IC50 of curcumin on Huh7, (**B**). IC50 of curcumin chitosan nanocomposite on Huh7, (**C**). IC50 of curcumin on WISH cells, (**D**). IC50 of curcumin chitosan nanocomposite on WISH cells.

The light microscopy results showed aggressive changes at the concentration of the IC50 for both curcumin and CuCs nanocomposite without any changes in the morphology of cells treated with CsNPs at 100 µg/mL ([Figure 4](#F0004){ref-type="fig"}).Figure 4Morphological examination of Huh7 and WISH cells treated with an IC50 concentration of the tested materials (**A**). Untreated Huh 7, (**B**). Huh7 treated with IC50 of curcumin, (**C**). Huh7 treated with curcumin chitosan nanocomposite, (**D**). Huh7 treated with chitosan nanoparticles, (**E**). Untreated WISH cells, (**F**). WISH cells treated with IC50 of curcumin, (**G**). WISH cells with IC50 of curcumin chitosan nanocomposite, (**H**). WISH cells treated with chitosan nanoparticles at 100 µg/mL.

Calculation of Combination Index and Fraction Effect {#S0004-S2004}
----------------------------------------------------

The CuCs nanocomposite showed a good therapeutic effect against human liver cancer cells of fraction effect 75 that can kill 75% for the simulated drug release amount upon combining 48 µg/mL of curcumin and 193 µg/mL chitosan. But upon increasing these concentrations, the effect would be antagonistic according to CompuSyn software ([Table 3](#T0003){ref-type="table"}, [[Supplementary Tables S1](https://www.dovepress.com/get_supplementary_file.php?f=241702.docx)]{.ul} and [[S2](https://www.dovepress.com/get_supplementary_file.php?f=241702.docx)]{.ul}).Table 3Combination Index (CI) of Curcumin, Chitosan Nanoparticles (CsNPs), and Curcumin Chitosan (CuCs) Nanocomposite on Huh7 Cells and Its Type of Interaction as Simulated with CompuSyn SoftwareFaSampleCurcumin Dose (µg/mL)CsNPs Dose (µg/mL)CIType of Interaction0.5Curcumin31.7768----SynergismCsNPs--162.726--CuCsNPs10.44782.611950.344840.75Curcumin48.2388----SynergismCsNPs--193.592--CsNPs-Cur27.42586.856440.603960.9Curcumin73.2291----Slight antagonismCSNPs--230.312--CuCsNPs71.993417.99831.061270.95Curcumin97.2713----AntagonismCsNPs--259.190--CuCsNPs138.79234.69791.560720.97Curcumin119.046----Severe antagonismCsNPs--281.917--CuCsNPs221.41055.335262.05621[^1][^2]

Cellular Analysis of Chitosan Nanoparticles and Curcumin Chitosan Nanocomposite in Huh7 {#S0004-S2005}
---------------------------------------------------------------------------------------

TEM images showed binding and internalization of CsNPs into Huh7 cells. Aggregation of CsNPs to form nanoparticle clusters on the cell membrane and its dispersion in the cytoplasm was evident ([Figure 5A](#F0005){ref-type="fig"}--[C](#F0005){ref-type="fig"}).Figure 5TEM images showing (**A**). Untreated Huh7 using STEM techniques, scale bar 1 micron, (**B**). Localization of curcumin chitosan nanocomposite (CuCsNPs; red circles) into Huh7 cells, scale bar 2 micron, (**C**). Localization of CuCsNPs in Huh7 cells, scale bar 500 nanometer.

The CuCs nanocomposite was further investigated with flow cytometry of cell cycle and DNA contents of Huh7 cells treated with the IC50 concentration. Results showed cell arrest in the preG1 phase, preventing cells from entry into S and G2/M phases of the cell cycle ([Figure 6A](#F0006){ref-type="fig"} and [B](#F0006){ref-type="fig"} and [Table 4](#T0004){ref-type="table"}), whereas the untreated control cells showed the expected cell cycle pattern for continuously growing cells.Table 4Flow Cytometric Cell Cycle Analysis of Treated Huh7 Cells with IC50 Concentration of Curcumin Chitosan (CuCs) NanocompositeSamplePreG1 (%)G0-G1 (%)S (%)G2/M (%)Untreated Huh71.8759.78.5CuCs nanocomposite8.577.51.31.3 Figure 6(**A**). Cell cycle analysis of untreated Huh7 cells, (**B**). Cell cycle analysis post-treatment of Huh7 with IC50 concentration of nanocomposite, showing preG1 arrest by 6.7% compared to control cells and therefore inhibiting cells from entering S phase and G2/M phase.

Quantification of Caspase 3 mRNA Apoptotic Gene and Anti-Apoptotic Bcl-2 {#S0004-S2006}
------------------------------------------------------------------------

The mRNA expressions of caspase 3 gene increased post-treatment with IC50 concentrations of curcumin, and it was doubled after treatment of cells with CuCs nanocomposite. However, the expression of Bcl-2 decreased post-treatment with both materials ([Table 5](#T0005){ref-type="table"}, [[Supplementary Figure S2](https://www.dovepress.com/get_supplementary_file.php?f=241702.docx)]{.ul}).Table 5Quantitative Real-Time PCR Assay for Caspase 3, Bcl-2 Apoptotic Genes Relative to β-Actin as a Housekeeping GeneTreatmentCaspase 3 RQ 2-∆∆CTBcl-2 RQ 2-∆∆CTUntreated Huh71.475±0.0633.21±0.049Curcumin2.179±0.0061.58±0.08CuCs nanocomposite4.3±0.040.945±0.011

Effect of Treatment of Curcumin Chitosan Nanocomposite on Caspase 3, Caspase 8, P53 and Bcl-2 Protein Levels {#S0004-S2007}
------------------------------------------------------------------------------------------------------------

Treatment of Huh7 cells with the IC50 concentrations of CuCs nanocomposite was associated with an increase in the activity of caspase 3 protein from 9.7 µg/mL to 12 µg/mL, and it markedly decreased the protein level of anti-apoptotic Bcl-2 from 2.8 µg/mL to 0.2 µg/mL. Moreover, a marked increase in the protein levels of caspase 8 and p53 is shown in [Figure 7A](#F0007){ref-type="fig"}. Likewise, the effect of paclitaxel as a standard anticancer drug on treatment of Huh7 cells with IC50 concentration of 2 µM paclitaxel resulted in a noticeable increase in levels of caspase 3 and marked decrease in Bcl-2, as well as a noticeable increase in protein levels of caspase 8 and p53 ([Figure 7B](#F0007){ref-type="fig"}).Figure 7(**A**). Effect of curcumin chitosan nanocomposite treated Huh7 on protein levels of Caspase 3, Bcl-2, caspase 8, and p53, (**B**). Effect of paclitaxel treatment on the expression levels of the same proteins. Error bars represent standard deviation.

Antiviral Assay Against Viral Entry in Huh7 Cells {#S0004-S2008}
-------------------------------------------------

Antiviral activities of curcumin, CsNPs and CuCs nanocomposite were tested against the viral entry in infected Huh7 cells from positive HCV-4a patients through mixing of equal volumes of the nontoxic concentrations of the investigated materials and viral titer; in this assay one viral titer was involved (10^5^ IU/mL). As a result, the tested compounds showed high antiviral activities against entry of HCV-4a into Huh7 cells by almost 100% reduction in viral titer, and curcumin inhibited viral entry by almost 95%. ([Table 6](#T0006){ref-type="table"}).Table 6Antiviral Activity of Nontoxic Doses of Curcumin, Chitosan Nanoparticles (CsNPs), and Curcumin Chitosan (CuCs) Nanocomposite Against Entry of HCV 4 into Huh 7 CellsTested Compound (µg/mL)Initial Titer (IU/mL)Final Titer (IU/mL)% ReductionMean % ReductionCurcumin (15)2 × 10^7^9 × 10^4^9994.51 × 10^6^2 × 10^4^994 × 10^5^4 × 10^4^92.5CsNPs (100)2 × 10^7^\*1001001 × 10^6^4 × 10^5^CuCs nanocomposite (15)2 × 10^7^\*1001001 × 10^6^4 × 10^5^[^3]

Quantification of HCV Core Protein {#S0004-S2009}
----------------------------------

The HCV core protein expression level post-treatment of HCV infected Huh7 cells with curcumin, CsNPs, and CuCs nanocomposite against viral replication and entry was quantified in relation to β--actin as a control ([Table 7](#T0007){ref-type="table"}, [Figure 8](#F0008){ref-type="fig"}). The expression post-treatment against viral replication showed a decrease in cells treated with the three compounds and specifically for that treated with nanocomposite with a range 0.9 to 5.6 ratio to the positive infected Huh7 cells. Regarding expression post-treatment with curcumin, CsNPs, and nanocomposite against viral entry, there was a decrease in the HCV core protein expression, especially in those treated with nanocomposite with a 1.05 to 5.6 ratio to the positive infected Huh7 cells.Table 7HCV Core Protein Expression Post Treatment of Huh7 Analyzed with Western Blot Assay with Curcumin, Chitosan Nanoparticles (CsNPs), and Curcumin Chitosan (CuCs) NanocompositeSampleHCV Core Protein RatioReplicationEntryPositive control; infected Huh75.66±0.45.66±0.4Curcumin1.875±0.041.876±0.06CsNPs1.16±0.051.68±0.063CuCs nanocomposite0.87±0.00421.05±0.004 Figure 8(**A**). The scanned densitometry Western blot of viral replication in Huh7 (a) versus β-actin (b). Lane 1: protein levels of infected cells treated, Lane 2: infected cells treated with curcumin, Lane 3: infected cells treated with chitosan nanoparticles, Lane 4: infected cells treated with curcumin chitosan nanocomposite, (**B**). The scanned densitometry Western blot of viral entry (a) versus β-actin (b) protein levels in positive Lane 1: untreated infected cells, Lane 2: cells treated with CsNPs, Lane 3: cells treated with nanocomposite, Lane 4: cells treated with nanocomposite, Lane 5: cells treated with curcumin, Lane 6: cells treated with sovaldi. HCV core protein at size of 22 KD.

Discussion {#S0005}
==========

Recently, the advent of new direct-acting antiviral drug therapy for HCV-4a has greatly improved sustained virology response, although there is the possibility of serious adverse effects and development of resistant mutant strains. Therefore, discovery of more effective and less toxic antiviral agents is still needed. Computational screening of large chemical libraries using molecular docking and the establishment of HCV culture model has led to numerous studies and the discovery of many anti-HCV agents. Accordingly, we started working on CsNPs,[@CIT0019] and the in silico results demonstrated high binding affinity towards HCV-4a target proteins (NS3 protease, NS5B polymerase, and NS5A helicase) and this encouraged us to continue our research on CsNPs as a drug delivery system for antiviral agents, hoping to increase therapeutic efficacy and decrease therapeutic dose. In the current research, curcumin was encapsulated into CsNPs and evaluated for its antiviral activity against HCV-4a first with in silico analysis and subsequently with in vitro studies, with the hope to discover new candidates for use as HCV-4a inhibitors. Our in silico analysis gave promising results by showing an increase in the affinity of our designed nanocomposite against HCV-4a NS5B compared to curcumin alone, suggesting its potential role against viral replication, first with in silico analysis and subsequently with in vitro studies, to discover new candidates for use as HCV-4a inhibitors. Our in silico analysis gave promising results by showing an increase in the affinity of our designed nanocomposite against HCV-4a NS5B compared to curcumin alone, suggesting its potential role against viral replication.

Here we found that curcumin conjugated to chitosan via the OH group of curcumin and the ammonia group of CsNPs crosslinked with TPP, which resulted in small sizes (29.6--39.5nm)[@CIT0034] compared to results previously published by Das and colleagues who used sodium alginate as a crosslinker instead of TPP salt, which led to chitosan with a bigger size (100±20 nm).[@CIT0035] Different fundamental and clinical investigations illustrate curcumin's restricted adequacy because of its poor dissolvability, rapid metabolism, low bioavailability, and pharmacokinetics. In addition, its physicochemical properties are unstable in several conditions like neutral pH or alkaline pH ≥7.0, and ambient temperature.[@CIT0036] Therefore, we conjugated curcumin into CsNPs to improve its properties, control its release, and enhance its antiviral activity. Our preparation was performed at acidic pH with certain modifications,[@CIT0026] using ascorbic acid as solvent for CsNPs instead of acetic acid, where positive charges of amino groups on chitosan can interact with negative charges on OH of curcumin through electrostatic interactions, leading to formation of CuCs nanocomposite. This binding property was found to be much less at neutral or alkaline pH due to the higher tendency of CsNPs to aggregate because of neutralization of the amino groups on CsNPs.[@CIT0017] Our HPLC experiment demonstrated 4% entrapment of curcumin into CsNPs after 6 minutes of polymeric digestion; this time needs to be lengthened in the future preparations. Drug release profile showed that 50% of loaded curcumin was released during the first 11 minutes---the release time known as "burst release" meaning the amount of curcumin deposited on the outer surface of the CsNPs---and 34% of curcumin was released at 120 minutes. This means that the total release of curcumin (84%) was obtained after 2 hours. Afterward, a relatively constant release of curcumin was observed for the next 4 hours (ie 240 minutes). This is supported by results of Akhtar et al who reported pharmacokinetic analysis for chitosan bound to curcumin in parasite *Plasmodium yoelii* infected mice.[@CIT0017] They found that the curcumin concentration detected in the blood was significantly higher in mice fed with curcumin loaded onto CsNPs compared to blood from mice administered an equimolar concentration of curcumin alone. Results showed that administration of CsNPs orally ensured a sustained release of curcumin over 8 hours post-feeding, whereas, in the case of curcumin alone, the levels declined significantly after 3 hours and were not detectable beyond 6 hours.

In a study by Samrot et al, curcumin-loaded CsNPs were synthesized from crab shell for drug delivery using two chelators (TPP and BaCl~2~) in preparation of CsNPs.[@CIT0037] They observed an initial drug burst from the biopolymer that then become steady, and the CsNPs chelated with BaCl~2~ led to sustained drug release for more than 70 minutes. Regarding CsNPs chelated with TPP, the samples had a stable drug release profile; drug release increased from the 20^th^ to the 60^th^ minute and then gradually decreased until the 100th minute, followed by a stable release. This indicates that chitosan synthesized using TPP showed a slow release of curcumin for 180 minutes.

Such an observation might explain why the cytotoxic effect of our synthesized nanocomposite was lower than that of curcumin alone (25 µg/mL versus 8 µg/mL for curcumin). The literature shows that the cytotoxic effect of a nanoformulation of curcumin is equal to or higher than that of free curcumin.[@CIT0038],[@CIT0039] This does not match our results where the cytotoxic effect of CuCs was lower than that of free curcumin. This might be due to i) the lower % of the entrapment efficiency, ii) the nature of the nanocarrier, which is different in the current study than in previous studies, and iii) the antioxidant properties of CsNPs as previously reported by Nair et al.[@CIT0040]

Further extensive investigations using simulated CompuSyn software (Linear Interaction Effect) were conducted to investigate possible additivity between curcumin and CsNPs, which might predict the synergistic effect of CuCs nanocomposite as antiviral activity. Upon using multiple inhibitors of different types and mechanisms of inhibition on enzyme kinetic models, several hundred equations have been derived that can be reduced to general equation by comparing theoretical biological activities in the absence and presence of inhibitors. This mathematical work leads to the CI. The obtained data are unique to each laboratory because data vary according to instrument, reagents, and type of cells grown in each lab.[@CIT0041]

The nature of cell death induced by the formulated CuCs nanocomposite was analyzed with flow cytometry, and results showed that Huh7 treated with an IC50 concentration of nanocomposite induced cell cycle arrest at the preG1 phase in comparison to the untreated cells, which hindered their entrance into the S and G2/M phases. This might be due to the small amount of DNA content and admission into programmed cell death, as previously illustrated by Kumar et al.[@CIT0042] The results of molecular apoptotic gene expression level of cells treated with an IC50 concentration of curcumin and its composite showed high expression levels in caspase 3 and lowered expression of Bcl2 in Huh7 cells treated with curcumin and its nanocomposite. This indicates that the apoptosis was induced via a caspase-dependent pathway. Such cytotoxic effect could be due to the production of reactive oxygen species in response to the toxic dose of curcumin, resulting in DNA breakage, which in turn causes activation of p53 that can recruit other molecules like Bax, Bak. This, in turn, causes pores in the mitochondria membrane, disrupting its membrane, leading to the release of cytochrome c, which stimulates a cascade of death compounds and ultimately cell death.[@CIT0043] Finally, protein expression levels of caspase 3, caspase 8, p53, and Bcl2 were detected using ELISA assay. Cells treated with paclitaxel, a standard anticancer drug served as a control. Our results matched that of mRNA transcriptional level, which showed an increase in the expression levels of caspase 3, caspase 8, and p53 proteins and a decrease in the expression levels of Bcl2 protein compared to untreated Huh7. These results confirmed the designated roles of the nanocomposite in mediation in the apoptotic process through cell death receptors and induction of apoptosis through activation of intrinsic and extrinsic apoptotic pathways.[@CIT0044],[@CIT0045]

Concerning assessment of the antiviral activity of CsNPs, curcumin, and its nanocomposite, curcumin demonstrated inhibition of HCV-4a entry by 94.5%, which is in line with results reported by Kusuma et al,[@CIT0046] where curcumin was confirmed to block the HCV entry pathway into its targeted hepatoma cells with no effect on viral assembly or virion release. Moreover, our data match those of Anggakusuma et al who reported that curcumin nanoformulation increased its antiviral activity with no toxic effect; they demonstrated that the antiviral mechanism occurred by affecting virion membrane fluidity without disrupting virion integrity.[@CIT0010] In the present study, the same observations were obtained upon analyzing antiviral activity against replication of HCV-4a; these results confirm the in silico analysis and demonstrate the dual roles of CsNPs and its composite to inhibit both viral entry and replication. These results were confirmed with HCV core protein expression using Western blot assay, which demonstrated a remarkable decrease in the expression level after the treatment of cells with CsNPs, curcumin, and nanocomposite. Nevertheless, the nanocomposite exhibited the lowest decrease in the HCV core protein expression, which indicates that the nanocomposite has the highest antiviral activity whether against viral entry or replication. Further investigations are still required to study the anti-HCV activity of nanocomposite in the replicating system, which is underway in our laboratory.

In conclusion, the current study obtained a clear view on the potency of CsNPs in synergizing the antiviral activity of curcumin on binding as a nanocomposite form. Additionally, the prepared nanocomposite demonstrated a powerful multitarget antiviral agent against HCV-4a entry and replication, and this was proved on the molecular and protein levels. However, it is mandatory to confirm the novelty of the nanocomposite as a potential alternative therapy against HCV-4a infection through analysis of pharmacokinetics and pharmacodynamics as well as further analysis on the HCV-4a replicating system to obtain the therapeutic index and ultimately an in vivo study.
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[^1]: **Notes:** CI \< 1: Synergism, CI \> 1: Antagonism, CI = 1: Additive.

[^2]: **Abbreviations:** Fa, fraction effect; CI, Combination Index; DRI, Dose Reduction Index.

[^3]: **Note:** \*Under detection limit (≤50 copies/mL).
